We describe an electrochemical approach for the synthesis of polymer microgels through polymerization of the monomer in the presence of the crosslinker. This electrochemical approach means initiation by the electron transfer processes which occur at the electrodes, in that by controlling the applied potential it is possible to control the generation of free radicals and/or other reactive species. Upon applying a suitable potential above the electrochemical oxidation waves of N-isopropylacrylamide (as a model of the monomer) and N,N'-methylenebisacrylamide (as a model of the crosslinker), the polymerization and crosslinking are able to proceed to obtain nearly monodisperse polymer microgels with high yield. The apparent rate constant was determined to be 1.69 × 10 −2 min −1 based on the evolution of light scattering intensity, or 1.43 × 10 −2 min −1 based on the average hydrodynamic diameter. The underlying formation mechanism to reach polymer microgels instead of macrogels, even at high monomer concentrations, is possibly due to the limitation of the primary chain length such that bridging between growing microgel regions can be eliminated. The microgel size can be tuned by varying the applied potential. The reaction medium can be recycled, and reused directly without a notable impact on the next cycle of synthesis.
Introduction
Polymer microgels, colloidal particles having a gel structure internally, have been receiving a great deal of attention due to their unique properties that combine colloids with gels. [1] [2] [3] [4] [5] Current strategies for the synthesis of polymer microgels can be divided into: (i) polymerization of monomers in a homogeneous phase or in a micro-or nanoscale heterogeneous environment; (ii) cross-linking of preformed polymers; (iii) physical self-assembly of interactive polymers; and (iv) templateassisted micro-or nanofabrication. [6] [7] [8] [9] [10] [11] In particular, the chemical synthesis through polymerization of monomers can provide general opportunities to vary the size and structure of the polymer microgels. The versatility of this strategy has led to the development of a range of polymer microgels with diverse physical, chemical, and biological properties (e.g., functionality and responsiveness) for prospective applications in many fields, such as sensing, catalysis, and biomedicine. [12] [13] [14] Previous work on the chemical synthesis of polymer microgels through polymerization of monomers has largely focused on radical polymerization, including conventional free radical and controlled/"living" radical polymerizations. [6] [7] [8] [9] [10] Despite the remarkable breakthroughs, in those polymerization methods the radicals are usually provided by chemical additives as initiators (the feeding molar ratio of initiators/monomers is typically 0.01-0.39) that cannot be recycled; if metal compounds are used as initiators (or activators), the reactions would lead to metal waste products, and likely purification issues as well (because polymer microgels are known for metal extraction). [15] [16] [17] These limitations highlight the need for development of alternative robust and benign approaches for initiating polymerization of monomers to generate polymer microgels. Radiation provides such a possibility. 11 Since the first radiochemical synthesis of polymer microgels by Schnabel and coworkers in 1969, 18 various polymer microgels have been synthesized by irradiation in dilute solutions. 11, 19, 20 One of the advantages, among others, of radiochemical synthesis of polymer microgels is no necessity to add any chemical additives as initiators. Unfortunately, the high-energy radiation could also split covalent bonds, which might lead to degradation of the formed polymers into low molecular weight fragments, resulting in a relatively large polydispersity of the soft products. Moreover, in comparison with other laboratory approaches in polymer chemistry, radiochemical synthesis seems to be expensive, because of the requirements in the facility like 60 Co γ-plants, electron accelerators or some of the radiation sources. Thus, development of robust/benign approaches for chemical synthesis of polymer microgels through polymerization of monomers still remains a considerable challenge.
In this work, we report an electrochemical approach for the synthesis of polymer microgels. Electrochemistry is longknown to provide a "green" approach for exploring synthetically useful reactions, because it can enable the selective manipulation of molecular oxidation states and the generation of highly reactive species. 21, 22 In appropriate systems, such highly reactive species can attack monomers and transform them into so-called "active centers", which will then initiate chain growth processes, so that the production of polymers can be accomplished. Moreover, this approach has the special appeal of a nearly perfect controllability through varying the applied adjustable parameters (e.g., potential and current), making it an interesting approach for polymer synthesis. [23] [24] [25] [26] [27] Recently, the electrochemical-initiated polymerization was exploited for the production of thin hydrogel layers on conductive surfaces. [28] [29] [30] [31] [32] [33] [34] While electrochemical-initiated polymerization was recognized in the 1940s and has undergone a fulminating development since then, surprisingly rare attention has been paid to the electrochemical synthesis of polymer microgels. Some electrochemical syntheses of polymers might also be referred to the formation of colloidal particles, [35] [36] [37] which, however, do not have a gel structure internally and thus should not belong to polymer microgels. Here, we commence our study using electrochemical synthesis of poly(N-isopropylacrylamide) (PNIPAM) microgels, one of the golden standards of temperature-responsive polymer microgels, 1,2 as a first example. The synthesis can be performed in a three-neck round-bottom flask equipped with a commonly-used three-electrode electrochemical system ( Fig. 1) . We show that nearly monodisperse microgels can be produced with a high yield, and the size of the microgels can be tuned facilely via varying the applied potential. After the synthesis, the reaction medium can be recycled and reused directly without a notable impact on the next cycle of synthesis. To our delight, this electrochemical approach can be extended to the synthesis of other polymer microgels, such as poly(acrylamide) (PAAm) microgels and poly(acrylic acid) (PAA) microgels that are difficult to be reduced from micron in size to sub-micron and even nanoscale directly through polymerization of the corresponding monomers using other approaches.
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Experimental
Materials
All chemicals were purchased from Aldrich. N-Isopropylacrylamide (NIPAM) was recrystallized from a hexane-acetone (1 : 1 by volume) mixture and dried under vacuum. Acrylic acid (AA) was purified by distillation under reduced pressure. Acrylamide (AAm), N,N′-methylenebisacrylamide (MBAAm), acetonitrile (CH 3 CN), and sodium perchlorate (NaClO 4 ) were used as received without further purification. The water used in all experiments was of Millipore Milli-Q grade.
Microgel synthesis
The monomer (i.e., NIPAM, AAm, or AA; 1.0 × 10 −3 mol) and the crosslinker MBAAm (5.0 × 10 −5 mol) were dissolved in the reaction medium (composed of 0.1 M NaClO 4 in CH 3 CN; 20.0 mL) in a 50 mL three-neck round-bottom flask equipped with a stirrer, a N 2 gas inlet, and a three-electrode system. The working electrode was a Pt plate, and the counter electrode consisted of a Pt wire. After purging with N 2 for 3 h, the electrochemical polymerization was performed at room temperature (∼22°C) and at a preconcerted potential versus Ag/AgCl using a potentiostat of a CHI660E electrochemical workstation. The potential of the working electrode was measured by reference to Ag/Ag + . The polymerization was allowed to proceed for 3 h. Then the dispersion was centrifuged twice (20 000 rpm, 20 min, 25°C) with the supernatant discarded (or reused directly for the next cycle of synthesis) and the precipitate redispersed in water. The product was further purified by 3 days of dialysis against water at room temperature. The product was finally freeze-dried, and the yield was calculated by the weight of the product against the ideal weight assuming 100% conversion (i.e., 120.9, 78.8, and 79.8 mg, respectively, for PNIPAM, PAAm, and PAA microgels).
Laser light scattering (LLS) studies
A standard laser light scattering spectrometer (BI-200SM) equipped with a BI-9000 AT digital time correlator (Brookhaven Instruments, Inc.) and a Mini-L30 diode laser (30 mW, 637 nm) as the light source was used. The very dilute microgel dispersions (10.0 μg mL −1 ; pH = 6.8) were passed through Millipore Millex-HV filters with a pore size of 0.80 μm to remove dust before measurements. In Dynamic LLS (DLS), the Laplace inversion of each measured intensity-intensity time correlation function in a dilute dispersion can lead to a linewidth distribution G(Γ). For a purely diffusive relaxation, Γ is related to the translational diffusion coefficient D by (Γ/q 2 ) C→0,q→0 = D, so that G(Γ) can be converted to a translational diffusion coefficient distribution and a <D h > distribution using the Stokes-Einstein equation, <D h > = (k B T/3πη)/D, where k B , T, and η are the Boltzmann constant, the absolute temperature, and the solvent viscosity, respectively. Other characterization pH values were measured on a Mettler Toledo SevenEasy pH meter. IR spectra were recorded on a Thermo Electron Corporation Nicolet 380 Fourier transform infrared spectrometer. TEM images were taken on a JEOL JEM-2100 transmission electron microscope at an accelerating voltage of 200 kV.
Results and discussion
We started our study by electrochemical synthesis of PNIPAM microgels as a first example. Before the synthesis, we took a glance at some key electrochemical properties of the monomer and the crosslinker by scanning the cyclic voltammogram, a specific type of voltammetry that is used for exploring the redox properties of chemicals. 42 To obtain the cyclic voltammogram, the voltage is varied in a solution, and the change in current is measured with respect to the change in voltage. On the anodic scan, an oxidation reaction starts to develop on NIPAM and MBAAm at about +1.5 V and +1.6 V versus Ag/AgCl, respectively. The suggested mechanism for the anodic oxidation involves the initial formation of the N-localized radicals directly. [43] [44] [45] [46] [47] Moreover, the oxidation reaction of NaClO 4 , which was initialized at about +1.7 V versus Ag/AgCl, can be associated with the formation of [ClO 4 ]
• radicals, which could also attack the monomer/crosslinker to form the N-localized radicals. 23 Those N-localized radicals can trigger a cascade of reactions that typically involve the loss of a proton and the formation of C-localized radicals, which would then initiate polymerization on attacking the vinyl groups of the monomer/crosslinker, making them enter into the polymerization process immediately. 23, 24 Under these circumstances, the polymerization should be able to proceed if applying a suitable potential above the electrochemical oxidation waves. The electrochemical-initiated polymerization mechanism is depicted in Scheme 1. Then, the microgel synthesis was conducted using a potentiostat at +1.8 V versus Ag/AgCl and at room temperature. The whole synthesis process was monitored using in situ DLS. As shown in Fig. 3a , two stages can be observed after addition of the monomer and the crosslinker to the reaction medium: (i) DLS intensity remained nearly the same 3 h before applying the potential, as well as the first ca. 10 min after applying the potential, and then (ii) increased gradually and reached stability within the reaction time of 3 h. According to the light scattering theory 41, 48 and the formation mechanism proposed for polymer microgels that were synthesized with chemicals as initiators, 6-10 our observation is interpreted as follows: without applying the potential, the formation of polymer particles can be readily ignored; after the radical polymerization was electro- chemically initiated by applying the potential, the copolymer fragments of NIPAM and MBAAm would be formed at the early stage of reaction to yield very tiny nuclei; with the polymerization reaction proceeding, more copolymer fragments were added to the initially formed nuclei, leading to a continuous growth in size of the gel particles until the reaction was completed. 6, 9, [49] [50] [51] Based on the evolution of DLS intensity, the apparent rate constant k int of 1.69 × 10 −2 min −1 was derived from the fitting of the second-stage of the time-dependent DLS intensity with an exponential growth. The kinetic evolution was further substantiated by in situ DLS measurement of the average hydrodynamic diameter, <D h >, versus reaction time (k size = 1.43 × 10 −2 min −1 ; Fig. 3b ). At the end of the polymerization, the light-blue colour (owing to the Tyndall effect) was observed in the dispersion. In IR spectra (see Fig. S1 in the ESI †), the characteristic bands of C-H vibrations of -CH(CH 3 ) 2 at 1385 cm −1 and 1367 cm −1 of NIPAM units were recorded, which confirmed the structure of the purified microgels. TEM images shown in Fig. 4 display a typically spherical shape of the obtained PNIPAM microgels. A remark has to be made concerning the particle size measured from TEM images: the particle size measured by this technique is somewhat unreliable as the microgels may have a tendency to shrink, flatten and spread on the TEM grid during the sample preparation. This can also lead to a larger apparent polydispersity; individual microgels are not expected to interact with the substrate in a homogeneous fashion. 52 It is for these reasons that we perform particle sizing via DLS, a less perturbing method. Fig. 5a shows DLS size distribution of PNIPAM microgels harvested after 3 hours' reaction. Only a single peak with a narrow size distribution range from 156 to 165 nm is observed and the <D h > was determined to be 160 nm (see Fig. S2 in the ESI † for a screenshot). The microgels can be well reproducible from batch to batch, with a considerably high yield of ≥98%. The microgels can undergo temperature-responsive volume phase transitions (Fig. S3 in the ESI †), similar to those microgels reported in previous studies that were synthesized using persulfates as initiators. 1 Meanwhile, an experiment (serve as a control) was also conducted following the procedures for the synthesis of the presented PNIPAM microgels, except that the crosslinker MBAAm was not added. Surprisingly, polymer particles (we denoted these polymer particles as PNIPAM particles, so as to distinguish between them and the ones in the presence of MBAAm) can also be obtained. From Fig. 5a , it can be seen that the <D h > of PNIPAM particles (442 nm) is much larger than that of PNIPAM microgels, suggesting that the presence of the crosslinker MBAAm in the synthesis further solidifies and stabilizes the microgels; this is also supported by the fact that after the dialysis against water, the light-blue solution was retained for PNIPAM microgels (these microgels showed good stability, with the size distribution kept nearly the same before and after dialysis, or even before and after 2 months' storage at room temperature; Fig. 5b ), while the solution would became completely colorless for PNIPAM particles. If the reaction time was prolonged, no remarkable change in the <D h > of the final product was observed for both PNIPAM microgels and PNIPAM particles (Fig. 5a ). It should be noted that no macroscopic gelation occurred in all experiments, standing in vivid contrast against the synthesis with the same monomer/crosslinker concentration via conventional free radical polymerization wherein macroscopic gelation occurs under the same conditions. This is one of the advantages of the electrochemical approach developed herein. As polymer networks, which are limited in micro-/nanoscale size, are targeted to enable the harvest of microgels, a further challenge lies in understanding fundamentally the experiments that allow avoiding the formation of macroscopic networks, i.e., macroscopic gelation. Targeting the chemical synthesis of microgels through polymerization of monomers, the main approaches reported previously in the literature rely on the control of the distance between growing polymer chains, 53 which typically is achieved by two conditions: (a) conducting the experiments in a highly diluted homogeneous solution (i.e., decreasing the monomer concentration; in order to limit intermolecular crosslinking and increasing the probability of intramolecular crosslinking), or (b) applying heterogeneous polymerization processes (in dispersed systems, such as emulsion, miniemulsion, microemulsion, precipitation, stabilizer-aided dispersion, and suspension systems) where the polymerization is performed in a confined nanometric/micrometric space (in order to confine the crosslinking to intraparticle rather than interparticle). [6] [7] [8] [9] [10] [11] As for our cases, however, our observations cannot be explained perfectly by this principle, since our experiments can be readily extended to the reaction systems containing quite high monomer concentrations (Fig. 6a) , and no precipitation was observed in all those systems without the aid of stabilizers. Alternatively, we note that Stansbury and co-workers reported the chemical synthesis of polymer microgels, at high monomer concentrations, based on the use of substantial amounts of chain transfer agents, which are likely to be required to controllably limit the length of the propagating chains such that bridging between growing microgel regions can be eliminated. 54 Inspired by this work, it is speculated that the electrochemical synthesis to obtain microgels instead of macrogels, even at high monomer concentrations, might rely on limitation of the primary chain length. The electrochemical process may generate a high concentration of radical intermediates during micro-gelation and thus efficiently induce intramolecular crosslinking and the termination of polymerization, i.e., a coupling reaction of microgels, to inhibit the propagation of linear polymer chains. As it appears that limitation of the primary chain length could be achieved using large amounts of chemical additives as the chain transfer agents or initiators, [54] [55] [56] a change in the applied potential should be able to vary the size of PNIPAM microgels; it is reasonable that the radical concentration will increase at elevated potentials. 21, 22 Fig. 6b shows the DLS size distribution of the microgels harvested after 3 hours' reaction at different applied potentials. Indeed, the higher the potential, the smaller is the <D h > of the microgels. Therefore, these results can not only provide direct experimental proof for the hypothesis for the formation of the microgels, but also foreshadow a facile route to tune the size of the microgels.
Having demonstrated the feasibility of electrochemical synthesis of PNIPAM microgels, we then examined the reusability of the reaction medium. After full conversion of the monomers within the reaction time of 3 h, the reaction medium was recovered simply by centrifugation, and was reused for the next cycle of synthesis where only the monomer and the crosslinker were added (no more NaClO 4 or CH 3 CN was added). The recycling experiments clearly revealed the robustness of the approach (conducted at +1.8 V versus Ag/AgCl for 3 h; Fig. 7a ). In more than 5 recycling experiments, no significant change of the size (both the <D h > and DLS size distribution) of the obtained microgels was observed, due to the fact that the concentration of the formed C-localized radicals and thus the size of the microgels mainly depended on the reactant concentration (Fig. 6a ) and the applied potential (Fig. 6b) , as was discussed above. While the reaction of the [ClO 4 ]
• radicals with the monomer/crosslinker might also contribute to the formation of C-localized radicals, it should not be a prerequisite in the synthesis (see Fig. S4 in the ESI † for cyclic voltammograms of NIPAM and MBAAm in CH 3 CN). The role of NaClO 4 is possibly to improve the conductivity of the reaction medium. In another series of recycling experiments with pure CH 3 CN as the reaction medium, we found that the obtained microgels (<D h > ≈ 162 nm; see Fig. 7b ) have nearly the same size as those synthesized in the presence of NaClO 4 (Fig. 7a) . Therefore, the electrochemical approach is easy to handle and facilitates robust stability for the synthesis of polymer microgels.
In the next step, we conducted additionally two series of experiments, using AAm and AA, the two commonly used monomers, as examples, to demonstrate the feasibility of extending the presented electrochemical approach for synthesizing microgels of other polymers. It is known that AAm, AA and their corresponding polymers are usually referred to be highly hydrophilic. Although several methods have been exploited to synthesize polymer microgels of such highly hydrophilic polymers, the microgels reported previously in the literature are typically synthesized based on the preformed polymers. [38] [39] [40] [57] [58] [59] To the best of our knowledge, sub-micron or even nanoscale sized microgels of those polymers have not been synthesized through polymerization of the corresponding monomers directly. As discussed above, the electrochemical approach for the synthesis of polymer microgels essentially means initiation by the electron transfer processes which occur at the electrodes, in that by controlling the applied potential it is possible to control the generation of initiating species. In this respect, in principle, this approach should be general.
In the first series of experiments, we would like to synthesize PAAm microgels. Similarly to the anodic oxidation of NIPAM, if applying a suitable potential above the electrochemical oxidation waves (the oxidation reaction starts to develop on AAm at about +1.4 V versus Ag/AgCl; Fig. 8 ), the anodic oxidation of AAm would lead to the initial formation directly of the N-localized radicals; [43] [44] [45] [46] [47] whilst, in contrast to the N-localized radicals of NIPAM, the N-localized radicals of AAm could initiate polymerization on attacking the vinyl groups of the reactants immediately.
23,24
The electrochemical-initiated polymerization mechanism is depicted in Scheme 2. We thus anticipate that it is possible to synthesize PAAm microgels following the presented electrochemical approach. The synthesis was conducted using a potentiostat at +2.3 V versus Ag/AgCl. As expected, microgels of spherical shape (Fig. 9) can be obtained. In DLS ( In the second experiment, we synthesized PAA microgels directly through polymerization of the AA monomer in the presence of the crosslinker MBAAm. The synthesis was conducted using a potentiostat at +2.3 V versus Ag/AgCl, a suitable potential above the electrochemical oxidation waves (the oxidation reaction starts developing on AA at about +1.5 V versus Ag/AgCl; Fig. 8 ). The electrochemical-initiated polymerization of AA was taken because of the well-known Kolbe electrolysis reaction. 21, 22 In the Kolbe electrolysis, the carboxylic acid is oxidized to form O-localized radicals. As schematically depicted in Scheme 3, the O-localized radicals could initiate polymerization on attacking the vinyl groups of the monomer/ crosslinker, making the system enter into the polymerization Fig. 9 TEM images of (a, b) PAAm microgels, and (c, d) PAA microgels. All microgels were synthesized using a potentiostat at +2.3 V versus Ag/ AgCl, and harvested after 3 hours' reaction.
Scheme 2 A proposed electrochemical-initiated polymerization mechanism for the electrochemical synthesis of PAAm microgels.
Fig. 10 DLS size distribution of (a) PAAm microgels and (b) PAA microgels. All microgels were synthesized using a potentiostat at +2.3 V versus Ag/AgCl, and harvested after 3 hours' reaction.
process. 23, 24 TEM images in Fig. 9c and d show a spherical shape of the microgels harvested after 3 hours' reaction. In Fig. 10b (see Fig. S9 in the ESI † for a screenshot), DLS size distribution shows only a single peak for the narrowly distributed microgels, with the polydispersity index µ 2 /<Γ> 2 ≤ 0.005 and <D h > ≈ 182 nm. The structure of the purified microgels was confirmed by IR analysis (Fig. S10 in the ESI †) , where the characteristic bands of the carboxylic group at 1721 cm −1 of AA units were recorded. Therefore, these results provide further support for the feasibility of extending the presented electrochemical approach for synthesizing microgels of polymers other than PNIPAM.
Conclusions
We reported the electrochemical synthesis of nearly monodisperse PNIPAM microgels via polymerization of the NIPAM monomer in the presence of the crosslinker MBAAm, in a three-neck round-bottom flask equipped with a three-electrode system. Such an electrochemical approach essentially means initiation by the electron transfer processes that occur at the electrodes upon applying a suitable potential above the electrochemical oxidation waves of the reactants, in that by controlling the applied potential it is possible to control the generation of free radicals and/or other reactive species. The apparent rate constant was determined to be 1.69 × 10 −2 min −1 on the basis of the evolution of DLS intensity or 1.43 × 10 −2 min −1 based on the <D h >. The underlying formation mechanism for the electrochemical-initiated polymerization and crosslinking reactions to reach microgels instead of macrogels, even at high monomer concentrations (as high as 0.8 mol L −1 ), is possibly due to the limitation of the primary chain length such that bridging between growing microgel regions can be eliminated. The microgel size can be tuned by varying the applied potential, with the smaller size being achieved at the higher applied potential. The reaction medium can be recycled and reused directly without a notable impact on the next cycle of synthesis. Moreover, this electrochemical approach can be extended to synthesize microgels of other polymers, such as poly(acrylamide) and poly(acrylic acid) (as the additional models) that are difficult to be reduced to submicron or even nano in size directly through polymerization of the corresponding monomers by other approaches. It is antici- 
